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Toward establishing the general efficacy of using trisubstituted cyclopropanes as peptide mimics
to stabilize extended peptide structures, the cyclopropanes 20a—d were incorporated as
replacements into 9—13, which are analogues of the known HIV-1 protease inhibitors 14 and
15. The syntheses of 20a—d commenced with the Rh,[5(S)-MEPY],s-catalyzed cyclization of
the allylic diazoesters 16a—d to give the cyclopropyl lactones 17a—d in high enantiomeric
excess. Opening of the lactone moiety using the Weinreb protocol and straightforward
refunctionalization of the intermediate amides 18a—d gave 20a—d. A similar sequence of
reactions was used to prepare the N-methyl-2-pyridyl analogue 28. Coupling of 20a—d and
28 with the known diamino diol 22 delivered 9—13. Pseudopeptides 9—12 were found to be
competitive inhibitors of wild-type HIV-1 protease in biological assays having K;s of 0.31—-0.35
nM for 9, 0.16—0.21 nM for 10, 0.47 nM for 11, and 0.17 nM for 12; these inhibitors were thus
approximately equipotent to the known inhibitor 14 (ICso = 0.22 nM) from which they were
derived. On the other hand 13 (K; = 80 nM) was a weaker inhibitor than its analogue 15 (K;
= 0.11 nM). The solution structures of 9 and 10 were analyzed by NMR spectroscopy and
simulated annealing procedures that included restraints derived from homo- and heteronuclear
coupling constants and NOEs; because of the molecular symmetry of 9 and 10, a special protocol
to treat the NOE data was used. The final structure was checked by restrained and free
molecular dynamic calculations using an explicit DMSO solvent box. The preferred solution
conformations of 9 and 10 are extended structures that closely resemble the three-dimensional
structure of 10 bound to HIV-1 protease as determined by X-ray crystallographic analysis of
the complex. This work convincingly demonstrates that extended structures of peptides may
be stabilized by the presence of substituted cyclopropanes that serve as peptide replacements.
Moreover, the linear structure enforced in solution by the two cyclopropane rings in the
pseudopeptides 9—12 appears to correspond closely to the biologically active conformation of
the more flexible inhibitors 14 and 15. The present work, which is a combination of medicinal,
structural, and quantum chemistry, thus clearly establishes that cyclopropanes may be used
as structural constraints to reduce the flexibility of linear pseudopeptides and to help enforce
the biologically active conformation of such ligands in solution.

Introduction

One of the exciting challenges in contemporary bioor-
ganic chemistry is determining the three-dimensional
structural details of the complexes of biologically active
oligopeptides and their derivatives with enzyme active
sites or receptors. Such studies provide critical infor-
mation that may be exploited to design new ligands with
even higher binding affinities for the macromolecular
binding site. When a direct investigation of the complex
is not possible, one common approach to gain insights
into the topological requirements within the host—guest
complex involves the elucidation of the biologically
active conformation of the peptide ligand. However,
linear oligopeptides interconvert rapidly in solution
between a number of conformations differing little in

energy, and the knowledge of the preferred solution
conformation(s) of an oligopeptide does not necessarily
provide information regarding the conformation of that
ligand when bound to its respective host.! In the
absence of three-dimensional structural data for the
ligand—receptor complex itself, information relating to
the biologically active conformation of oligopeptide
ligands has been generally obtained by introducing
conformational restraints by cyclization or by incorpora-
tion of peptide mimics at selected sites on the peptide
backbone.?=> The resultant effects upon binding and
biological activity of the resulting pseudopeptides are
then evaluated in connection with available reduced
conformational space to provide insights into the bio-
logically active conformation of the ligand.
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Most of the conformationally restricted replacements
of peptide secondary structure reported to date imitate
turns, or helices. Inasmuch as peptide substrates
generally appear to bind to proteases in extended
conformations, the design of structural elements mim-
icking -strand arrays is an important, albeit more
difficult, challenge. Recently there have been several
reports of peptide mimics that enforce extended struc-
ture although they make no provision for orienting the
side chains.® The importance of controlling the side
chain orientations of pseudopeptides has been recog-
nized because these appendages provide crucial sites for
recognition, specificity, binding, and consequent trans-
duction.” Consequently, we initiated a research pro-
gram to design and develop dipeptide replacements that
would enforce an extended (5-strand) conformation on
the backbone of oligopeptides while projecting the amino
acid side chains in specific orientations.

Design. On the basis of a series of molecular model-
ing studies, we postulated that the 1,2,3-trisubstituted
cyclopropanes 2 and 3, which shall be generally denoted
as —XaaW[COcpCO]Yaa—, would constitute novel rigid,
isosteric replacements of an extended conformation of
the dipeptide moiety 1 (Scheme 1). Operationally, 2 and
3, which differ from the more common 1-aminocyclo-
propanecarboxylic acids,® are derived from 1 by replac-
ing the amide nitrogen with a carbon and forming a
single bond between this atom and C(3) on the amino
acid side chain.® The peptide backbone in both 2 and 3
is locally rigidified in a g-strand conformation by locking
the ¢ angle at about —120°. Another factor that
contributes to the overall rigidity induced by this
surrogate is the preferred conformation, which is a
consequence of steric and electronic effects, about the
carbon—carbon bond between the carbonyl group and
the cyclopropane.©

The portion of the amino acid side chain designated
as R? in the cyclopropane-derived dipeptide surrogate
2 occupies approximately the same region of space
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Figure 1. A rigid superimposition of —PheW[COcpCO]Phe—
surrogate 5 with a Phe-Phe dipeptide in which the backbone
is in an idealized S-strand and the two phenyl groups are fixed
in gauche(—) orientations.

relative to the backbone that it would if the correspond-
ing amino acid residue in 1 were locked in the gauche-
(=) conformation in which the yi-angle is about —60°.
The geometric properties of replacements of type 2 may
be better illustrated by examining the superimposition
of the —PheW[COcpCO]Phe— replacement 5, in which
the N-terminal Phe is also anchored in the gauche(-)
conformation, with the corresponding Phe-Phe dipeptide
in which the backbone is in an idealized -strand and
both phenyl groups are fixed in gauche(—) orientations
(Figure 1). The root-mean-square (rms) fit for this rigid
superimposition is approximately 0.35 A. In a similar
fashion, the spatial orientation of the R? group in the
epimeric replacement 3 mimics that found when the side
chain of the C-terminal residue in 1 is constrained in
the gauche(+) conformation wherein the yi-angle is
about +60°.

Although some hydrogen-bonding capability of an
amide carbonyl group is maintained by the keto func-
tions in the rigid isosteres 2 and 3, deletion of a
backbone N—H in these surrogates eliminates one
possible intermolecular hydrogen bond to a receptor or
enzyme. However, the actual importance of losing this
hydrogen bond is difficult to assess a priori since other
peptide replacements that lack hydrogen-bonding ability
(e.g., double bonds) are known to be efficacious in certain
cases. The entropic advantage that arises from restrict-
ing the rotors (0.8—1.2 kcal/rotor) associated with the
¢- and the y;-angles in the constrained pseudopeptide
could approximately compensate the energetic cost of
losing one intermolecular hydrogen bond, (0.5—1.8 kcal/
H-bond) provided the receptor bound conformation is
well-matched.1112 It must also be recognized that
consequent to the mutation of the dipeptide 1 into 2 or
3 amide resonance and the associated hindered rotation
about the amide —C(=O)N bond is lost, so there is not
a net restriction of two full rotors.

Preliminary modeling studies suggested that trisub-
stituted cyclopropanes related to 2 and 3 would serve
as rigid mimics of localized fS-strand structure. To
evaluate this hypothesis we first incorporated N-termi-
nal truncated analogues of 2 and 3 at the P3 position
of conformationally restricted analogues of the aspartic
proteinase renin.’® We discovered that 6, which bears
an N-terminal amide group rather than the keto func-
tion of the parent 2, was a subnanomolar inhibitor of
renin.’3@ Since 6 was approximately equipotent with
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the corresponding flexible analogue 7, it seems probable
that the two inhibitors bind to the active site of renin
in closely similar conformations and that the cyclopro-
pane ring in 6 orients the aromatic side chain at the P3
subsite in the biologically active conformation of 7. We
then began to exploit cyclopropane-containing inhibitors
as topographical probes of the bound conformation of
collagenase inhibitors and other biologically active
pseudopeptides.’* Others have recently incorporated
replacements related to 2 and 3 in non-peptide fibrino-
gen receptor antagonists.®

OH

N</

While these early investigations began to establish
the efficacy of trisubstituted cyclopropanes as novel
peptide mimics, a number of important questions re-
main. For example, can more than one cyclopropane
replacement be incorporated into a flexible enzyme
inhibitor to further rigidify the structure and stabilize
the biologically active conformation? Can the cyclopro-
pane subunit(s) be positioned closer to the site of the
“scissile amide bond” (i.e., the P1—P1' juncture) without
loss of potency? To address these critical issues, we
queried whether cyclopropane-derived peptide isosteres
might be introduced into conformationally constrained
inhibitors of HIV-1 protease, an aspartic proteinase that
is responsible for the release of protease, reverse tran-
scriptase, and integrase from the gag-pol fusion protein
of the HIV-1 virus.1617 Numerous X-ray structures of
HIV-1 protease complexed with inhibitors reveal that
the inhibitors typically bind to the enzyme active site
clefts in an extended S-strand conformation in which
the three-dimensional structure of the bound inhibitors
is very similar for the P2—P2' segment of the backbone.
It thus occurred to us that a biological and structural
study of the pseudopeptides 9—13, which are derivatives
of the known inhibitors 14 (A-75925, ICso = 0.22 nM)16d
and 15 (A-76889, K; = 0.11 nM),17d would elicit some
additional insights regarding the scope and limitations
of —XaaW[COcpCO]Yaa— replacements. Each of the
pseudopeptides 9—13 contain two N-terminal truncated
—XaaW[COcpCO]Yaa— replacements, and these re-
placements are incorporated one residue closer (i.e., the
P2 and P2' subsites) to the scissile bond than in the
renin inhibitor 6 (i.e., the P3 subsite). We now report
the syntheses and biological evaluation of the pseudopep-
tides 9—13 together with a comparison of the solution
structures of 9 and 10, which were determined using
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NMR techniques and molecular dynamics (MD) calcula-
tions, with the biologically active conformation of 10,
which was determined by X-ray analysis of the complex
of 10 bound to the active site of HIV-1 protease.

9: R1=R2=Me
10: R'=Me;R2=H
11: R'=H; R2=Me
12: R'=R2=H

Results

Synthesis of Inhibitors. We envisioned that 9—12
could be prepared by coupling the enantiomerically pure
carboxylic acids 20a—d with the known diamino diol
22 (Scheme 2).18 On the basis of prior experience, the
simplest approach to these acids would involve applica-
tion of our general procedures for asymmetric intramo-
lecular cyclopropanations.® In the event, the allylic
diazoacetates 16a—d, which were prepared from the
corresponding alcohols,?° were heated in the presence
of the chiral rhodium catalyst Rh,[5(S)-MEPY], to give
the cyclopropyl lactones 17a—d in 84—92% yield and
87—98% enantioselectivity. Subsequent opening of the
lactone rings of 17a—d with N-benzyl-N-(p-methox-
yphenylmethyl)amine (MPMNHBN) was accomplished
in 73—79% yield using the Weinreb protocol to give the
amides 18a—d, respectively.2! Oxidation of the primary
alcohol function in 18a—d with pyridinium chlorochro-
mate (PCC) gave the corresponding aldehydes (77—
93%), which were epimerized to deliver 19a—d. Jones
oxidation of 19a—d followed by removal of the methox-
yphenylmethyl (MPM) protecting group with trifluoro-
acetic acid (TFA) furnished the requisite carboxylic acids
20a—d in 60—69% yield. Reaction of 20a—d with the
diamino diol 22 under standard peptide coupling condi-
tions using N-ethyl-N-(dimethylaminopropyl)carbodi-
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imide hydrochloride (EDC) and 1-hydroxybenzotriazole
(HOBT) afforded the pseudopeptides 9—12 in 77—98%
yield.

Although the epimerization of the aldehydes obtained
by oxidation of 18a,b,d proceeded to completion, only
partial epimerization of 21 occurred, and an equilibrium
mixture (40:60) of 21 and the desired aldehyde 19c was
obtained.?? To address this inefficiency an alternate
route to 20c was developed (Scheme 3). In the event,
the allylic diazo ester 16b was cyclized in 78% yield and
92% ee upon heating in the presence of the enantiomeric
dirhodium catalyst Rh;[5(R)-MEPY], to give 23. Open-
ing of the lactone ring with N-benzyl-N-(p-methoxyphe-
nylmethyl)amine under Weinreb conditions gave 24,
which was subjected to the standard sequence of oxida-
tion, epimerization, and deprotection to give 20c in 60%
overall yield from 23.

The N-methyl-2-pyridyl analogue 13 was prepared by
a sequence of reactions analogous to those presented in
Scheme 4. Thus, amidation of the lactone 17a with
2-aminomethyl pyridine in the presence of a catalytic
amount of NaCN in methanol gave 25 in 98% vyield.
Protection of the primary alcohol as the tert-butyldim-
ethylsilyl (TBDMS) ether, followed by methylation of
the amide nitrogen using NaH and Mel and removal of
the hydroxyl protecting group by the action of tetra-n-
butylammonium fluoride (TBAF) afforded the N-methyl
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alcohol 26 in 74% overall yield. Oxidation of the
primary alcohol with the Dess—Martin periodinane
followed by epimerization of the resulting aldehyde
afforded 27 in 78% overall yield. Oxidation of 27 with
Jones reagent gave the acid 28 (55%), which was then
coupled to the diamino diol 21 as previously described
to furnish 14.

Biological Activity. Compounds 9—12, which are
analogues of the known inhibitor 14, were each found
to be fast-binding, competitive inhibitors of wild-type
HIV-1 protease; there was no evidence for slow binding.
The potencies of these pseudopeptides were virtually
identical with the respective Kis being 0.31-0.35 nM
for 9, 0.16—0.21 nM for 10, 0.47 nM for 11, and 0.17
nM for 12. On the other hand, the inhibitor 13, which
is an analogue of 15, was a significantly weaker inhibi-
tor having a K; of 80 nM.

NMR Structural Studies. Because of the sym-
metrical nature of the inhibitors 9 and 10, only a single
set of signals corresponding to one molecular half is
observed in the IH NMR spectrum; the notation used
to refer to the different signals is shown in Figure 2.
The diastereotopic methylene H? protons of the Phe
residues at P1/P1" were assigned using vicinal homo-
nuclear and heteronuclear coupling constants. The
detailed 'H and 13C NMR assignments are listed in the
Supporting Information.

Solution Structure of 9. No positive cross peaks
were detected in the ROESY spectrum of 9, thereby
indicating that it adopted a single major conformation
in solution on the NMR shift time scale and that any
other conformers were present at concentrations below
the limits of detection. A total of 23 distance restraints
were obtained from a NOESY spectrum with an S/N of
about 400 for geminal peaks, so it was possible to
observe H—H distances up to approximately 480 pm.
Furthermore, a restraint for the Phe H®—Phe H¥
separation was obtained from the 13C satellites of the
Phe H® diagonal peak in a w;-13C filtered ROESY
spectrum. These two o protons are separated by five
bonds, and the chemical shift of Phe H* (6, 4.60 ppm)
was very close to the applied spinlock frequency of 4.83
ppm, so any TOCSY and NOESY artifact contributions
in this restraint are negligible.?® Because the number
of long-range NOEs is small, a reliable conformational
analysis is difficult, and special emphasis was therefore
placed upon determining a large set of homo- and
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Figure 2. Constitution and conformational labeling in 9 and
10.

heteronuclear J coupling constants.?* A total of 18
homo- and heteronuclear vicinal J values were mea-
sured, and the upper limits for two further vicinal J
values were established.

The orientation of the symmetry center between the
1,2-diol array was determined by the HF,HF coupling
constant of 10.0 Hz, which was obtained from 13C
satellites via a nondecoupled HMQC spectrum (see the
Experimental Section); the magnitude of this coupling
constant suggests an antiperiplanar arrangement of
these protons. Furthermore, the distance between the
protons Phe H*—Phe H® is 2.5 A, thus indicating that
the dihedral angle between the two central C, carbons
is about +60°. Taken together, these observations
reliably define the conformation about the carbon—
carbon bond of the diol core.

All calculated distance limits were then incorporated
as restraints for simulated annealing calculations. The
coupling constants for which parameters for the Karplus
curves exist were used directly as restraints.?5-27 A
total of 21 experimental NOESY distances were set up
as 42 symmetry ambiguous restraints of the Nilges
type.2®2 Because the J coupling data rendered two
internal NOESY restraints within the Phe residues
redundant, these NOESY restraints were not utilized.
To maintain the conformation at the symmetry center,
the central bond was locked so that the two protons were
fixed in an antiperiplanar orientation with the two
hydroxyl groups and the two C, carbons, respectively,
being gauche to one another. The simulated annealing

@CHZNHQ
=N

Scheme 4
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Figure 3. Stereoplot of the structure of 9 obtained by
averaging the last 50 ps rMD and subsequent minimization.
The terminal Bzl groups do not display a defined orientation
in the MD run and were orientated to the two main conformers
indicated by J coupling data before minimization.

procedure converged for 9, and the conformations of the
12 low-energy structures were very similar having a
root-mean-square deviation (rmsd) of <0.6 A. The
lowest energy structure resulting from simulated an-
nealing of 9 was then taken as the starting structure
for subsequent molecular dynamic (MD) simulations in
DMSO. After 100 ps MD with NOE restraints (+:10%,
standard pseudoatom correction for upper bounds),?° the
restraints were removed during the following 100 ps MD
calculations to determine the stability of the resulting
structure. The structure did not change significantly
during free MD, suggesting that the resulting rMD
structure is energetically favorable. No explicit sym-
metry forcing was performed during the MD calcula-
tions, so the structure displays only approximate C,
symmetry on this time scale. Figure 3 shows the
extended solution structure of 9 that was obtained by

1) TBDMSOTH, CH,Cl,, -20 °C
2) NaH, Mel, THF

17a -
NaCN, MeOH, A =N, 3) TBAF, THF
S
25
Me, Me
. Me
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Table 1. Interproton Distances in 9 Determined by ISPA Approximation from a NOESY Spectrum Compared to Distances from the

MD Structure (Average during 50 ps rMD)?

H; Ha° Ieff,NOESY (PM) reft,Mp (PM) Fintra MD(H1,H2)" (PM) Finter, MD(HLH2')® (PM)
Bzl HN Bzl HY/Bzl H? 265 221 221 >1000
Bzl HN Cp H? 229 239 239 >1000
Bzl HN Cp H? 387 422 422 >1000
Cp H? Bzl HY/Bzl H?2 406 412 412 >1000
Cp H? Cp Mepro—s 341 266 266 >1000
Cp H? Phe HN 374 317 317 905
CpH? Phe H« 439 443 452 635
Cp H2 Cp Mepro—R 332 264 264 >1000
Cp H? Phe HN 224 242 242 802
Cp H2 Phe H« 419 444 462 573
Cp H2 HF 458 428 598 438
Cp Mepro—s Phe H® 417 499 523 629
Cp Mepro—S Phe H#.pro-S 350 635 677 769
Cp Mepro—S HF 349 598 757 626
Phe HN Phe H« 275 298 302 455
Phe HN Phe H#A.pro-R 259 287 288 599
Phe HN Phe Hp.pro-S 326 379 388 529
Phe HN HF 303 310 382 328
Phe H¢ Phe H#A.pro-R 303 300 303 482
Phe H% Phe H#.pro-S 270 236 238 402
Phe H« HF 244 244 258 303
Phe H® Phe H¥ 236d — 219
Phe H#A.pro-R HF 307 263 265 461
Phe H#.pro-S HF 257 249 249 477

a For easy comparison with the NOE data, values in column 4 are the sum of intra and inter symmetric contributions in the MD
structure according to (1/res)® = (Urintra)® + (1/Tinter).6 ° Multiple entries denote integration of an overlapped or degenerate peak; CHs
peak intensities were divided by 3 before transformation into distances. ¢ In cases of degenerate or overlapped peaks the distances were
calculated to the corresponding carbon. ¢ From w;-13C filtered ROESY.

Table 2. Coupling Constants J in 9 in DMSO-dg at 300 K#

dihedralyp
coupling Jexp (HZ) Jmp (Hz)9 (deg)

Bzl 3J(HN, HY) + 120+ 04> - -

3J(HN, H?)

Cp 3J(Bzl N,HY) 0.0+ 0.49 J(H*'®N(:y) =0.2 54
3J(COLH?) 42+10° - 9
33(CO?%,HY) 43+1.0° — 13
33(H1,H2) 55+04> — 148
3J(H,CMepro=S)  50+0.49 — -6
3J(H2,CMepro-R) 52+ 049 — -9
3J(Phe N,H?) 0.2 +0.49 J(H*'®N(sq) =0.2 —53

Phe 3J(HN,H%) 9.5+ 0.4 J(HN,HY) =99 o =-125
3J(HN,Ch) 0.8 +0.49 J(HN,CF)=0.2 o =-125
3J(HN,CF) <0.8¢ J(HN,CO) =0.8 o =-125
3J(Cp CO?,H%) 3.8+1.0° J(H%COj-p) =28 & =-125
3J(Ho,HApro-S) 3.0+ 04> J(HYHF) =4.9 2z = —167
3J(Ho,HAPro-R)  11.0 £ 0.4° J(H*HF) =118 2= —167
3J(CF,H#pro=S) 1.7 +£15¢ J(HF,CO)=0.8 2= —167
3J(CF,H#ProR) 11+15¢ JHACO)=21 2= —167
3J(H*,CY) 3.3+1.00 — 2= —167
3J(He,HF) <1.00 J(H*,HF) = 2.8 68
3J(HF,OH) 56+0.4° — -
3J(HF,HF) 9.9 +0.4° J(H*HFA) =12.9 —174

a2 The dihedral J values are compared to J values calculated
from the angles in the MD structure (average during 50 ps rMD)
using peptidic Karplus curves.>* ° From absortive in phase signals.
¢ From peak fitting according to Keeler on HMBC and 1H-1D.50
d From heteronuclear E.COSY. ¢ From peak intensity simulation-
(see Supporting Information). f From antiphase signals according
to Kim and Prestegaard.*® 9 Karplus curve parametrization is
indicated in parentheses.

averaging the last 50 ps of the rMD followed by
minimization; because the terminal Bzl groups did not
prefer a defined orientation in the MD run, they are
oriented in the two conformers indicated by the J
coupling data before minimization.

The structure depicted in Figure 3 is consistent with
all of the experimental data (Tables 1 and 2). For
example, the observed syn orientations of Phe HN to Cp
H! and Cp H? to Phe HN are consonant with the short
distances between these protons that were derived from

the NMR data. Major violations are recognized only for
distances between pseudoatoms. All backbone angles
were experimentally determined by at least one distance
and at least one three-bond coupling, 3J, whose value
was maximal based upon the Karplus curve; thus, these
dihedral angles are well-defined. The extended confor-
mation of the backbone is also in agreement with the
observed temperature gradients, which show that the
amide protons (Bzl HN: do/dT = —5.2 ppb/K; Phe HN:
ddé/dT = —6.0 ppb/K) are exposed to solvent.3°

The large sums of the Bzl HN Bzl H! and Bzl HN Bzl
HZ couplings in the NMR data suggest that the terminal
Bzl groups at P3 and P3' are directed predominantly in
the two orientations shown in Figure 3. However, the
NMR data also clearly show that these Bzl groups are
freely rotating because the Bzl H! and Bzl H?2 protons
do not show the chemical shift dispersion that would
be observed if they resided in a single preferred orienta-
tion relative to the preceding Cp CO*. In contrast, the
experimental values of 11 and 3 Hz that were deter-
mined for the two 3J(Phe H¢, Phe HFf) couplings imply
that the side chains of Phe and Phe' have a preferred
orientation. Quantitative analysis according to the
Pachler equations®! indicates that the rotamer having
x1 = —60° is populated to about 76%, which projects the
Phe side chain below the center of the cyclopropane unit.
The rotamer y; = +60° is populated to about 21%.
Because of the relatively short simulation time, no
interconversion between these rotamers was observed
in the MD. The proximity of the phenyl rings of the
Phe and Phe' residues at P1 and P1' and the cyclopro-
pane units is also suggested by the spatial contacts
between the Cp H! and H? protons and the phenyl
protons that were observed in the ROESY spectrum.

Solution Structure of 10. The same protocol used
to determine the solution conformation of 9 was applied
to the pseudopeptide 10, but the analysis was compro-
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Table 3. Interproton Distances in 10 as Determined by ISPA
Approximation from a ROESY Spectrum?@

I'eff, ROESY Teff, NOESY
Ha" H2" (pm) (9) (pm)

Bzl HN Bzl HY/Bzl H? 246 265
Bzl HN Cp HY/Cp H2 216 227¢
Bzl HN Cp H3 514 bigd
Bzl HN Cp HMe 511 big
Cp HY/Cp H? Bzl HY/Bzl H? 420 406°
Cp HYCp H?2 Cp HMe 311 332¢
Cp HYCp H2 Phe HN 216 222¢
Cp HY/Cp H? Phe H% 404 381¢
Cp HY/Cp H2 Phe HF 402 458¢
Cp H3 Bzl HY/Bzl H2 553 big®
Cp H3 Phe HN 457 bigd
Cp H? Phe H% 421 417d
Cp H3 Phe HAY/Phe HF2 401 350¢d
Cp H3 HF 384 3494
Cp HMe Bzl HY/Bzl H2 505 big
Cp HMe Phe HN 599 big
Cp HMe HF 542 big
Phe HN Phe H* 285 275
Phe HN Phe HAY/Phe HF2 264 252¢
Phe HN Phe HF 282 303
Phe H Phe HF 233 244
Phe HAY/Phe HA2 Phe HF 252 245¢

a For comparison experimental distances between corresponding
protons in compound 9 are listed in column 4. ® Multiple entries
denote integration of overlapped or degenerate peak; CHs; peak
intensities were divided by 3. ¢ Overlapping in 10 was simulated
from corresponding nonoverlapped protons A and B in 9 according
to (llreff)6 = (l/rpRQTQN A)G + (l/rpROTON B).G d Distances from
nonequivalent protons are compared: CHs; versus H.

Table 4. Coupling Constants J in 10 in DMSO-dg at 300 K2

coupling Jexp (HZ) Jexp (9) (Hz)

Bzl  3J(HN, HY) +3J(HN, H?)  122+04°  12.0+0.4b

Cp  2J(COLH?) 35+1.0°  —
33(CO2H?) 4.7+ 1.0° 43+ 1.0°
3J(H3,HY) 100+04>  —
3J(H3H?) 55+04> 5.5+ 0.4
33(H?3, HVe) 6.0+040 -

Phe  3J(HN,H%) 97+04> 954040
33(HN.CH) <1.0d 08+ 0.4
33(HN,CF) <1.0¢ <0.8¢
33(Cp CO2,H) 4.4+ 1.0° 3.8+ 1.0°
SI(HOHAY + SJ(HO HR)  17.2£040  —
33(He.Cl) 33+1.0°  33+10°
33(H, HF) 11+04> <1.0b
33(HF,OH) 59+04> 5.6+ 0.4
33(HF, HF") 98+04>  9.9+04b

a1n the last column, the corresponding experimental J values
in compound 9 are listed. ® From absortive in-phase signals. ¢ From
peak fitting according to Keeler on HMBC and 'H-1D.5° 9 From
peak intensity simulation.

mised by two factors. First, there was virtually no
dispersion for the resonances associated with the cy-
clopropane protons H! and H? (1.95 and 1.93 ppm).
Second, the Phe H¥s shifts were nearly degenerate (2.68
and 2.64 ppm). A total of 23 ROESY distances were
identified that corresponded to H,H distances up to 480
pm, and 14 vicinal J couplings and 2 upper bounds for
vicinal J couplings were determined. Tables 3 and 4
list the experimentally determined values with a com-
parison to the corresponding data for 9. Examination
of these tables reveals the close similarity of the NMR
data of 10 and 9, except for the degeneracies noted above
in the spectrum of 10.

When a simulated annealing procedure was applied
to the data for 10, there was no convergence to a single
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Figure 4. Binding site interactions made by compound 10
and HIV-1 protease observed in the X-ray structure. The
inhibitor makes asymmetric interactions with the active site
aspartates, Asp25 and 125, as well as with the S and S’ halves
of the binding site. Hydrogen bonds are shown as dashed lines
with distances in A. Oxygen and nitrogen atoms are colored
red and blue, respectively. Carbon atoms are rust and gray
for inhibitor and enzyme, respectively.

Table 5. Refinement Statistics for HIV-1 Protease Complexed
with Compound 10

resolution, A 7.0-2.0
unique reflections (|F|/o > 2.0) 6154
completeness 49
Rmerge,® % 5.6

R factor, % 18.5
rms bonds, A 0.013
rms angles, deg 3.1

no. of water molecules 60

a8 Rmerge = Y|l — O0/31 where 1 is the observed intensity and
[0is the average intensity obtained from multiple observations.
Coordinates will be deposited with the Brookhaven Data Bank.

structure. The failure of these simulated annealing
calculations most likely arises from a lack of experi-
mental data, although failure to observe convergence
in such calculations may also indicate a flexible molecule
for which several conformations are energetically favor-
able. For example, the absence of distance restraints
for the Cp H! and CpH? protons result in an undefined
orientation of the neighboring atom Phe HN. Because
an unbiased starting structure was not obtained, no MD
simulations were performed. Nevertheless, the close
similarity of the NMR data that was obtained for 9 and
10 indicates that 10 adopts the extended conformation
as found for 9 at least part of the time.
Crystallographic Analysis of a Complex of 10
with HIV-1 Protease. The 2.3 A crystal structure of
HIV-1 protease complexed with compound 10 reveals
that the inhibitor binds in an extended conformation
similar to that found with other peptidomimetic inhibi-
tors of the protease!’™® and with the related C2 sym-
metry-based inhibitors upon which the design of 10 was
based!¢d (Figure 4, Table 5). The two active site aspartic
acids of HIV-1 protease are shared unequally by the two
OH groups of 10 in a manner characteristic of an
asymmetric mode of inhibitor binding in which the
molecular 2-fold axis of the enzyme passes close to one
of the two hydroxyl-bearing carbon atoms.1%¢ One of the
hydroxyl groups of 10 is within hydrogen-bonding
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Figure 5. Model of the P2—P2’ portion of compound 12 used
for conformational analysis by ab initio methods. Coordinates
of the NMR structure of 9 were used to create a starting model
which was optimized using DFT methods (see Methods). The
structure shown corresponds to the lowest energy conformation
(conf 1) listed in Table 6.

Table 6. Relative Energies (kcal/mol) of Optimized
Conformations in the Gas Phase (AEy), Calculated Using HF
and DFT Methods, and in Water (AE)?

01 02
conformation AEg-HF AE¢-DFT (HF/DFT) (HF/DFT) AEs
conf 1 0.0 0.0 62.6/61.9 —52.6/-52.6 0.0
conf 2 3.1 1.9 170.2/175.3 55.5/59.9 0.6
conf 3 4.1 4.2 152.2/167.4 32.7/48.3 2.8

a2 The values of torsional angles ®1 (Co—C—C—Ca) and ©2
(01-C—C—02) are in degrees.

distance of three of the four aspartate oxygen atoms,
whereas that of the other hydroxyl can only hydrogen
bond to one aspartate oxygen (Figure 4). The P2 and
P2' carbonyl oxygens make hydrogen bonds with the
flap water (Wat 301) that bridges the inhibitor with the
enzyme at lle 50 and 150. However, the inhibitor—Wat
301 hydrogen bond distances are unusually long at 3.4
and 3.0 A. Similarly the hydrogen bonds between the
NH atoms of the P3 and P3' benzylamides and the
Gly48 and Gly148 backbone CO atoms of the enzyme
are rather long, being 3.5 and 2.9 A, respectively.
Conformational Analysis of the Cyclopropane-
diols. A computational model of the P2—P2’' region of
12 consisting of the 64 atoms (Figure 5) was built using
the conformation for the corresponding core region of 9
that was determined by NMR experiments (Figure 3).
Rotations of 30° about the central C—C diol bond were
performed, and the resulting structures were subjected
to complete optimization at an ab initio level of accuracy
using Hartree—Fock (HF) and density functional theory
(DFT) methods with the 6-31* basis set as implemented
in the Gaussian 94 program package.32-3* This analysis
revealed three different structures corresponding to
local energy minima in the subspace of torsion angle
©1 about the central carbon—carbon bond. The relative
energies of these conformations and their corresponding
torsion angles are shown in Table 6. While some of the
parameters listed in Table 6 are sensitive to correlation
effects, as shown by the differences between the HF and
DFT calculations, good qualitative agreement was ob-
tained using both ab initio methods. The lowest energy
conformation (conf 1) is close to the experimental NMR
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and X-ray crystal structures in the P2—P2' portion of
the inhibitor. The HF- and DFT-optimized structures
for conf 1 are nearly identical with rmsd fit for all atoms
of 0.12 A. The torsion angle value calculated for the
central dihedral angle Ca—C—C—Ca, 01, in conf 1 is
within 6° and 16° of the experimentally determined
values of 68.1° and 78.6° for the NMR and crystal
structures, respectively; these values are well within
experimental error. The calculated ®1 angle for conf 1
is also nearly identical, 61.9—62.6° vs 62.0°, to that
found in the related inhibitor 15 with valine at P2 and
P2'.16d The other two calculated conformational minima,
conf 2 and conf 3, have ®1 angles far outside the range
of observed experimental values.

The three optimized conformations also exhibit dif-
ferent hydrogen bonding patterns for the diol hydroxy
groups. The relative disposition of the two hydroxyls
is given by the torsion angle 01-C—C—-02, ©2 in Table
6. In the lowest energy structure, conf 1, there is an
internal hydrogen between the two hydroxyl groups. In
conf 1, ®2 is —52.6°, compared with —42.5° and —23.4°
for the NMR and crystal structures, respectively. In
conf 2, one hydroxy group hydrogen bonds to the
nitrogen of the closest amide, and the other hydroxy
group forms a hydrogen bond with the carbonyl oxygen
of the second amide. In conf 3, both hydroxy groups
interact with the nitrogen atoms of the nearest amide.
These calculations show that the gas phase energy
differences between the three structures are determined
mainly by differences in the energetics of the hydrogen-
bonding patterns. Inclusion of solvation effects reduces
these energy differences, but conf 1 is still predicted to
be the most stable structure.

Discussion

Numerous X-ray structures of HIV-1 protease com-
plexed with flexible, peptide-derived inhibitors have
shown that the inhibitors typically bind to the enzyme
active site cleft in an extended, S-strand conformation.!”
On the basis of the working hypothesis that introducing
two cyclopropane subunits related to 2 and 3 at the P2
and P2' subsites of the known HIV-1 protease inhibitors
14 and 15 would stabilize their biologically active
conformations, the pseudopeptides 9—13 were prepared.
The key step in the syntheses of 9—13 was an asym-
metric, intramolecular cyclopropanation that led to the
cyclopropanecarboxylic acids 20a—d and 28, which were
then coupled with the known diamino diol 22 to give
the targeted inhibitors 9—13. Each of the pseudopep-
tides 9—13 was found to be a potent, competitive
inhibitor of HIV-1 protease in a standard enzyme assay
with the Kjs being determined as 0.31—0.35 nM for 9,
0.16—0.21 nM for 10, 0.47 nM for 11, 0.17 nM for 12,
and 80 nM for 13. Although the Kjs for 9—12 compare
favorably with those observed for the related inhibitors
14 (ICso = 0.22 nM) and 15 (K; = 0.11 nM), 13 was a
significantly weaker inhibitor than anticipated.

The structures of the pseudopeptides 9 and 10 in
solution were studied to ascertain whether the presence
of two cyclopropanes in inhibitors related to 9—-13
stabilized an extended conformation for the entire
ligand. Because of their highly flexible nature, it has
generally not been possible to determine the solution
structures of linear, peptidomimetic inhibitors for HIV-1
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protease. Indeed, prior to the present work, KNI-272,
which possesses a central norstatine moiety, was the
only such inhibitor whose tight binding was suggested
to be partly based on a favorable conformational pre-
organization of the backbone into the bioactive confor-
mation.3>3% It is therefore significant that the NMR and
associated molecular dynamics investigations conducted
with the linear pseudopeptide 9 in DMSO clearly
indicate that it adopts a well-defined, preferred confor-
mation in solution in which the backbone is extended
(Figure 3). Unfortunately, the lack of sufficient disper-
sion in the chemical shifts for several key protons in 10
reduced the number of NMR restraints that could be
used in simulated annealing calculations, and the
available data did not converge to a single structure that
could be used in further calculations. Nevertheless,
because the NMR parameters that were obtained for
10 correspond well to those measured for 9, there is good
reason to believe that 10 also prefers a similar extended
conformation.

A number of factors appear to play roles in stabilizing
the extended structure of 9 in solution. Examination
of the conformation about the carbon—carbon bond at
the symmetry center of the 1,2-diol array reveals an
antiperiplanar arrangement of the protons HF and HF,
which is often sterically favored in a tetrasubstituted
ethane fragment, and a consequent gauche orientation
of the two hydroxyl groups. The preferred gauche
orientation of two vicinal hydroxyl groups is known,3’
and solvent seems to play a role in stabilizing this
conformation.®® Accordingly the measured temperature
gradient (do/dT = —7.1 ppb/K) for the proton resonance
of the hydroxyl group indicates its exposure to solvent.

To gain further insights regarding the preferred
conformational properties about the central core of 9,
ab initio calculations were conducted. Preliminary
calculations for a simple model of a C, symmetric diol
indicated the existence of a large number of intercon-
vertible conformational minima with low-energy barri-
ers.3® However, such calculations on the cyclopropane-
substituted diol segment found in 12 suggest that these
rigid backbone replacements at P2 and P2’ can lead to
further reduction in conformational flexibility about the
otherwise freely rotatable diol core. Thus, the experi-
mentally determined conformation about the central
carbon—carbon bond of 9 is the same as that predicted
by ab initio calculations and appears to be influenced
by the presence of the adjacent cyclopropane rings.

The two dihedral angles that are defined by rotations
about the CO'—Cp C! and the Cp C2—CO?2 bonds in 9
appear to be strongly constrained in an orientation in
which there is an approximate synperiplanar arrange-
ment between the Bzl HN and Cp H! protons as well as
of the Cp H? and Phe HN protons. This conformation is
presumably stabilized by the interaction of the s-orbital
of the carbonyl group with the carbon—carbon o-bond
of the adjacent cyclopropane,*® an arrangement that is
found in the solid-state structures of several o,f-
cyclopropyl amides.’® The ¢-angle of the Phe moiety,
which corresponds to rotation about the Phe NH—Phe
Ca bond, is —125°. This conformation is commonly
observed in peptides because the syn relationship
between the amide carbonyl group and the o-proton
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Figure 6. Superposition of inhibitor conformations of com-
pounds 10 (rust-colored) and 15 (A-76889) (gray) complexed
with HIV-1 protease. Both compounds adopt very similar
conformations near the diol core, but show significant differ-
ences in P3—P2 and P2'—P3'. Superposition was performed
using only the Ca coordinates for the enzymes from the two
complexes (rmsd = 0.7 A for 198 Ca atoms). Oxygen and
nitrogen atoms are colored red and blue, respectively.

minimizes the allylic strain along the extended peptide
backbone.*!

The three-dimensional structure of 10 in its complex
with HIV-1 protease superimposes well onto the bound
conformation of the related inhibitor 15, particularly in
the segment defined by the P2—P2' moieties (Figure 6).
The positions of hydrogen-bonding groups of both in-
hibitors are spatially conserved throughout their back-
bones. A comparison of the relative locations of the
cyclopropanyl and valinyl side chains of 10 and 15,
respectively, reveals that the methyl substituents of the
former nearly overlap with the Cy methyl groups of
their valine counterparts in 15. Examination of the
structure of the complex of 10 with the protease also
suggests that both the monomethylated cyclopropane
in 11 and the dimethyl-substituted cyclopropane in 9
can fit nicely within the S2 and S2' enzyme subsites
without any significant conformational changes, thereby
providing a structural basis for the close similarities in
the K;js for the series of inhibitors 9—12. These results
are consistent with the initial design principles of these
pseudopeptides and support the conclusion that the
restrictive cyclopropane moiety can be accommodated
within the context of a linear peptidomimetic inhibitor
to stabilize an extended conformation.

Despite the structural similarities of the inhibitors
10 and 15 when complexed to HIV-1 protease, there are
some notable differences in their specific interactions
with the enzyme. Because of the cyclopropane replace-
ments at P2 and P2', compound 10 lacks the two NH
groups that are present in the valinyl residues of 15.
In the complex of 15 with HIV-1 protease, these NH
groups form short hydrogen bonds, 3.0 and 3.2 A, with
the corresonding Gly48 and Gly148 backbone CO groups
of the enzyme. Interestingly, in the complex of 10 with
the protease, the energy lost by the lack of these specific
hydrogen bonds is compensated, at least in part, by the
formation of two different hydrogen bonds, 3.5 and 2.9
A, between the NH atoms of the P3 and P3' benzylamide
groups and the respective carbonyl groups of Gly48 and
Gly148 (Figure 4).

In the context of considering hydrogen-bonding in-
teractions between the different cyclopropane-derived
inhibitors and HIV-1 protease, it is significant that the
cyclopropane-derived pseudopeptide 13 lacks not only
the valinyl NH groups at the P2 and P2’ subsites of 15
but also the benzylamide NH groups at P3 and P3' of
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9—12. Thus, there are no hydrogen bond donors at the
P3/P2 and the P3'/P2' subsites in 13 that can form
stabilizing hydrogen bonds with the Gly48 and Gly148
residues of the protease. A comparison of the binding
affinities of 13 and 15 suggests that there is an
approximately 3.9 kcal difference in their respective
binding energies, a value that corresponds approxi-
mately to the loss of two hydrogen bonds.1112 However,
because the presence of N-methyl groups at the P3 and
P3' subsites of 13 may also induce other conformational
changes arising from their possible interactions with the
proximal Cp H! and Cp' H! protons, a precise analysis
of the basis for the observed difference in binding
affinities of 13 and 15 is problematic; additional struc-
tural information is required.

Another significant contrast between the crystal
structures of the protease complexes of 10 and 15 is in
the conformations of the aromatic rings at the P3 and
P3' subsites (Figure 6). In the complex with 15, the P3/
P3" pyridine rings make electrostatically favorable
stacking interactions with the guanidinium groups of
Arg8 and Arg108, respectively.16d These P3/P3' pyridine
rings in 15 also make hydrogen bonds via the ring
nitrogens with water molecules located within the S3
and S3' pockets.*2 Somewhat surprisingly, another
variance in these two complexes is found in the locations
of the two central hydroxy groups, which differ by about
1 A, despite the identity of the P1—P1' core regions of
10 and 15.

The similarities and differences that are observed
between the complexes of 10 and 15 with HIV-1 pro-
tease underscore the variable nature of the interactions
between small molecule ligands and the active site
residues of the protease. The detailed binding mode for
a given inhibitor is a consequence of optimizing many
different interactions within the relatively large and
flexible binding site. Because 10 and 15 are virtually
equipotent inhibitors of HIV-1 protease, the overall
energetics of their binding to the enzyme are ap-
proximately equal, the changes in one specific interac-
tion being balanced by another factor.

The averaged and energy-minimized structure of 9
in DMSO as determined from rMD calculations using
NMR restraints is very similar to the three-dimensional
structure of the bound form of 10 as obtained from X-ray
analysis of its complex with HIV-1 protease (Figure 7).
This structural similarity suggests that there may little
entropy loss on binding of these and related ligands to
the protease. The structures of 9 and 10 are most
closely conserved in the conformations of their diol cores,
which superimpose to within 0.15 A rmsd. The side
chain phenyl groups at P1 and P1' in both the solution
and solid-state structures are oriented in the gauche-
(=) conformation with y; = —60°. Although there is also
good similarity in the structures of the two inhibitors
in the P2 and P2' regions containing the cyclopropane
replacements, there are significant differences in the
conformations of the P3 and P3' subsites. In the
solution structure of compound 9, the P3/P3’' benzyl
groups are freely rotating, whereas in the bound struc-
ture of 10, the P3 and P3' groups are oriented toward
the P2 and P2’ cyclopropyl groups. If the solution and
bound conformations of 9 and 10 are similar, then
binding of these pseudopeptides to the HIV-1 protease
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Figure 7. Comparison of crystal structure of compound 10
(rust-colored) complexed with HIV-1 protease with an aver-
aged, minimized structure of compound 9 (gray) in solution
as determined by NMR. In the solution structure of 9, the
benzyl groups at P3 and P3' are disordered in the NMR
structure as indicated by the stippled dot surfaces. Coordinates
for six pairs of atoms in the diol core portions of the two
inhibitors were used for the superposition analysis (rmsd =
0.15 A). Oxygen and nitrogen atoms are colored red and blue,
respectively.

will require restriction of the torsional flexibility at the
P3 and P3' subsites; however, the similar K; values for
the two compounds suggest that the conformational
adjustments required for binding are probably compa-
rable.

Conclusion

As part of a general program directed toward the de
novo design of molecules having defined topographical
and biological properties, the pseudopeptides 9—13 were
prepared as potential inhibitors of HIV-1 protease. The
design of these targets was based upon the hypothesis
that the presence of two cyclopropane rings, which are
N-terminal truncated analogues of the dipeptide mimics
2 and 3, at the P2 and P2’ subsites of 9—13 would
stabilize the biologically active conformations of the
related HIV-1 protease inhibitors 14 and 15. The
results presented herein provide compelling evidence
supporting this hypothesis. The similarity of K; values
for the different cyclopropane analogues 9—12 suggests
that small substituents at the 2-position of the cyclo-
propane ring do not adversely affect the relative stability
of the bioactive conformation of the inhibitor. This
conclusion is supported both by the NMR data, which
are similar for 9 and 10, and by the model calculations
that were done using the unsubstituted analogue 12.
The magnitude of the reduced affinity of 13 was
unexpected and presumably results from a combination
of undetermined conformational factors at the P3/P3’
subsites coupled with a reduced hydrogen bonding
capability. The combination of NMR and X-ray struc-
tural work with the HIV-1 protease inhibitors 10 and
9, respectively, indicates that the preferred solution
conformation of these inhibitors corresponds closely to
their structure when bound to the protease active site.
These results further suggest that the cyclopropane-
derived peptidomimetics found in 9—12 stabilize and
enforce a three-dimensional structure at the P2/P1 and
P2'/P1' positions that corresponds closely to the biologi-
cally active conformation at the same subsites of the
HIV-1 protease inhibitors 14 and 15. Despite the
similarities of the bound structures of 10 and 15 within
the protease active site, there are some significant
differences in the specific enzyme/inhibitor interactions
that result from the optimization of many interactions
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within a relatively large and flexible binding site, and
the results of such investigations will be reported in due
course. With this caveat in mind, substituted cyclopro-
panes might be used to probe structure—activity rela-
tionships of S2 and S2' subsite preferences.

Experimental Section

Unless otherwise noted, solvents and reagents were reagent
grade and used without purification. Tetrahydrofuran (THF)
was distilled from potassium/benzophenone ketyl under ni-
trogen, and dichloromethane (CH.CIl;) was distilled from
calcium hydride prior to use. Reactions involving air or
moisture sensitive reagents or intermediates were performed
under an inert atmosphere of argon in glassware that had been
oven or flame dried. Melting points are uncorrected. Infrared
(IR) spectra were recorded either neat on sodium chloride
plates or as solutions in CHCI; as indicated and are reported
in wavenumbers (cm™!) referenced to the 1601.8 cm~! absorp-
tion of a polystyrene film. H (300 MHz) and 13C (75.5 MHz)
NMR spectra were obtained as solutions in CDCl; unless
otherwise indicated, and chemical shifts are reported in parts
per million (ppm, d) downfield from internal standard Me,Si
(TMS). Coupling constants are reported in hertz (Hz). Spec-
tral splitting patterns are designated as s, singlet; br, broad,
d, doublet; t, triplet; g, quartet; m, multiplet; and comp,
complex multiplet. Flash chromatography was performed
using Merck silica gel 60 (230—400 mesh ASTM). Percent
yields are given for compounds that were >95% pure as judged
by NMR.

[1S-(1a,20)]-(N-Benzyl-N-p-methoxybenzyl)-2-(hy-
droxymethyl)-3,3-dimethylcyclopropane-1-carboxam-
ide (18a). A 2.0 M solution of MesAl in hexanes (1.2 mL, 2.4
mmol) was slowly added to a suspension of N-benzyl-N-(4-
methoxybenzyl)amine (0.54 g, 2.4 mmol) in 1,2-dichloroethane
(DCE) (8 mL). The reaction mixture was stirred at room
temperature for 30 min, whereupon a solution of the cyclo-
propyl lactone 17a'% (150 mg, 1.2 mmol) in DCE (0.5 mL) was
slowly added. The reaction was refluxed for 24 h, cooled to 0
°C, and carefully quenched with 1 N HCI (4 mL). The reaction
mixture was extracted with CH.Cl, (3 x 10 mL), dried
(MgSO0.), and concentrated under reduced pressure. The crude
product thus obtained was purified by flash chromatography
eluting with hexanes/EtOAc (1:1) to give 318 mg (75%) of 18a
as a colorless oil: *H NMR (rotamers) 6 7.40—7.05 (comp, 7
H), 6.92 (d, J = 8.6 Hz, 1 H), 6.84 (d, J = 8.6 Hz, 1 H), 5.21
and 5.16 (rotameric d, J = 14.6 Hz, 1 H), 4.75 and 4.70
(rotameric d, J = 16.6 Hz, 1 H), 4.29 and 4.24 (rotameric d, J
= 16.6 Hz, 1 H), 4.16—3.87 (comp, 3 H), 3.83 and 3.80
(rotameric s, 3 H), 1.64 and 1.60 (rotameric d, J =85 Hz, 1
H), 1.41-1.31 (m, 1 H), 1.15 and 1.14 (rotameric s, 3 H), 1.12
and 1.11 (rotameric s, 3 H); 3C NMR (rotamers) ¢ 172.1, 159.0,
158.5, 133.5, 133.0, 129.5, 128.9, 128.5, 128.1, 127.8, 127.6,
127.3,126.4,114.3,113.9,59.4,55.2,55.1, 49.8, 49.4, 47 .5, 47 .1,
31.9, 30.4, 27.6, 23.7, 15.9; IR (CHClg) v 3457, 2948, 1628 cm™;
mass spectrum (Cl) m/z 354.2060 (CH29N103 + H requires
354.2069), 336.

[1R-(1a,20,30)]-(N-Benzyl-N-p-methoxybenzyl)-2-(hy-
droxymethyl)-3-methylcyclopropane-1l-carboxamide
(18b). Prepared as a colorless oil in 75% yield from 17b after
purification flash chromatography eluting with hexanes/EtOAc
(1:1) according to procedure described for 18a: 'H NMR
(rotamers) ¢ 7.40—7.09 (comp, 7 H), 6.91 (d, J = 8.7 Hz, 1 H),
6.83 (d, J =8.7 Hz, 1 H), 5.20 (d, 3 = 14.4 Hz, 1 H), 4.99 and
4.83 (rotameric d, J = 16.6 Hz, 1 H), 4.32 and 4.27 (rotameric
d, J = 16.6 Hz, 1 H), 4.10—3.84 (comp, 3 H), 3.81 and 3.79
(rotameric s, 3 H), 1.87 and 1.82 (rotameric t, J = 8.8 Hz, 1
H), 1.58—1.41 (comp, 2 H), 1.14 and 1.11 (rotamericd, J=7.0
Hz, 3 H); 13C NMR (rotamers) 6 171.8, 159.0, 158.9, 137.1,
136.2, 129.5, 129.2, 128.9, 128.5, 128.1, 127.8,127.6, 126.4,
114.4,113.9,58.7, 55.3, 55.2, 49.7, 49.4, 47.6, 47.2, 23.9, 22.6,
17.0,16.9,9.2,9.1; IR (CDClg) v 3407, 2955, 1614, 1512, 1467,
1248, 1032 cm™1; mass spectrum (Cl) m/z 340.1913 (Ca1Hzs-
NO; + H requires 340.1922).
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[1R-(10,20)]-(N-Benzyl-N-p-methoxybenzylaminylcar-
bonyl)-2-formyl-3,3-dimethylcyclopropane-1-carboxam-
ide. A solution of the alcohol 18a (166 mg, 0.47 mmol) and
pyridinium chlorochromate (PCC) (199 mg, 0.94 mmol) dis-
solved in dry CH,CI, (10 mL) was stirred for 12 h at room
temperature. The mixture was then diluted with Et,O (10 mL)
and filtered through a small plug of silica gel. The solvent
was concentrated under reduced pressure, and the crude
material was purified by flash chromatography eluting with
hexanes/EtOAc (1:1) to afford 148 mg (93%) of the aldehyde
as a clear oil: *H NMR (rotamers) ¢ 9.70 (d, J = 8.6 Hz, 1 H),
7.40—7.05 (comp, 7 H), 6.92 (dd, 3 =8.6 Hz, 1 H),6.85 (d, J =
8.6 Hz, 1 H), 5.02 and 4.95 (rotameric d, J = 14.4 Hz, 1 H),
4.63 and 4.60 (rotameric d, J = 16.6 Hz, 1 H), 4.44 and 4.35
(rotameric d, J = 14.4 Hz, 1 H), 4.20 and 4.15 (rotameric d, J
= 16.6 Hz, 1 H) 3.80 and 3.78 (rotameric s, 3 H), 2.32 and
2.27 (rotameric d, J = 8.7 Hz, 1 H), 2.79 and 2.75 (rotameric
t,J =8.7 Hz, 1 H), 1.49 and 1.47 (rotameric s, 3 H), 1.18 and
1.11 (rotameric s, 3 H); 3C NMR (rotamers) 6 200.7, 169.6,
159.5, 159.4, 136.7, 136.5, 129.6, 129.0, 128.6, 128.2, 127.6,
126.3,114.4,114.0, 55.1, 55.0, 50.0, 49.0, 48.1, 48.0, 39.9, 39.5,
29.2,28.6, 28.5, 15.6, 15.5; IR (CHCI3) v 2955, 1701, 1647 cm™;
mass spectrum (Cl) m/z 352.1922 (Cx;H2sN103 + H requires
352.1912), 260, 121.

[1R-(1a,28)-(N-Benzyl-N-p-methoxybenzylaminylcar-
bonyl)-2-formyl-3,3-dimethylcyclopropane-1-carboxam-
ide (19a). The aldehyde from the preceding experiment (100
mg, 0.30 mmol) was dissolved in degassed MeOH (10 mL)
containing K,COj3 (151 mg, 1.08 mmol), and the reaction was
stirred for 24 h at room temperature. Water (10 mL) was
added, and the mixture was extracted with CH,Cl, (3 x 30
mL). The combined organic extracts were dried (MgSO,4) and
concentrated under reduced pressure to afford 80 mg (80%) of
19a as a clear viscous oil; 'H NMR (rotamers) 6 9.70 and 9.69
(rotamericd, J =7.4 Hz, 1 H), 7.41—7.05 (comp, 7 H), 6.90 (d,
J =8.6 Hz, 1 H), 6.84 (d, J = 8.6 Hz, 1 H), 4.85 and 4.83
(rotameric d, J = 15.2 Hz, 1 H), 4.62 and 4.58 (rotameric d, J
= 15.2 Hz, 1 H), 4.46—4.28 (comp, 2 H), 3.81 and 3.79
(rotameric s, 3 H), 2.77—2.75 (m, 1 H), 2.61 and 2.55 (rotameric
d, J =5.0 Hz, 1 H), 1.26 and 1.23 (rotameric s, 3 H), 1.14 and
1.07 (rotameric s, 3 H); 3C NMR (rotamers) 6 199.4, 169.1,
158.8, 158.7, 137.8, 137.2, 129.6, 129.4, 129.0, 128.6, 128.2,
127.7,127.5, 127.1, 126.4, 114.4, 113.9, 55.2, 55.1, 49.6, 49.5,
48.2,48.1, 40.3, 35.3, 33.0, 21.0, 20.9, 20.0, 19.9; IR (CHCI3) v
2970, 1710, 1646 cm™%; mass spectrum (Cl) m/z 352.1922
(C22H25N103+H requires 352.1912), 260.

[1R-(1a,20,30)]-(N-Benzyl-N-p-methoxybenzylaminyl-
carbonyl)-2-formyl-3-methylcyclopropane-1-carboxam-
ide. Prepared from 18b as a clear glass in 88% yield using
the procedure described for the oxidation of 18a: 'H NMR
(rotamers) 6 9.85 (d, J = 5.9 Hz, 1 H), 7.38—7.09 (comp, 7 H),
6.91 (d, 3 =8.5Hz, 1 H), 6.85 (d, J = 8.5 Hz, 1 H), 5.04 and
4.99 (rotameric d, J = 14.7 Hz, 1 H), 4.72 and 4.68 (rotameric
d, J =16.7 Hz, 1 H), 4.43 and 3.38 (rotameric d, J = 16.7 Hz,
1 H), 4.21—-4.10 (m, 1 H), 3.82 and 3.80 (rotameric s, 3 H),
2.52 and 2.46 (rotameric t, J = 8.9 Hz, 1 H), 1.92—1.77 (comp,
2 H), 1.51 and 1.48 (rotameric d, J = 6.5 Hz, 3 H); 13C NMR
(rotamers) 6 200.4, 168.9, 159.3, 137.1, 136.2, 129.7, 129.1,
129.0, 128.6, 128.2, 127.8, 127.7, 127.6, 127.5, 126.3, 114.4,
114.0, 55.4, 55.3, 50.2, 50.0, 48.5, 48.1, 31.9, 31.1, 21.4, 21.3,
21.0,14.2,9.0; IR (CDCls) v 2934, 1696, 1636, 1512, 1248, 1204,
1175, 1036 cm™%; mass spectrum (Cl) m/z 338.1756 (Ca1Ho2s-
NO; + H requires 338.1748), 324, 266, 230, 154, 137, 121.

[1R-(1a,2f,30)]-(N-Benzyl-N-p-methoxybenzylaminyl-
carbonyl)-2-formyl-3-methylcyclopropane-1-carboxam-
ide (19b). Prepared from the preceding aldehyde as a clear
glass in 91% vyield using the procedure described for the
preparation of 19a: 'H NMR (rotamers) 6 9.59 and 9.58
(rotameric d, J = 8.2 Hz, 1 H), 7.39—7.08 (comp, 7 H), 6.90 (d,
J =85 Hz, 1H), 6.84 (d, J =85 Hz, 1 H), 496 and 4.91
(rotameric d, J = 14.7 Hz, 1 H), 4.74 and 4.69 (rotameric d, J
= 16.8 Hz, 1 H), 4.42 and 4.37 (rotameric d, J = 16.3 Hz, 1
H), 4.25 and 4.19 (rotameric d, J = 14.7 Hz, 1 H), 3.81 and
3.79 (rotameric s, 3 H), 2.75—-7.71 (m, 1 H), 2.61 and 2.55
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(rotameric dd, J = 4.4, 9.6 Hz, 1 H), 1.89—-1.81 (m, 1 H), 1.22
and 1.20 (rotameric d, J = 6.3 Hz, 3 H); ¥C NMR (rotamers)
0 199.7, 167.9, 159.1, 137.1, 136.2, 129.6, 129.1, 128.9, 128.5,
128.1,127.9,127.8,127.6,127.4,126.4, 114.2, 113.9, 55.3, 55.1,
49.6, 49.3, 48.3, 48.0, 35.7, 29.7, 24.8, 24.7, 11.7, 11.6; IR
(CDCl3) v 2934, 1702, 1627, 1513, 1464, 1284, 1213, 1175, 1035
cm~1; mass spectrum m/z 338.1756 (C,1H23NO3; + H requires
338.1752), 324, 233, 175.
[1R-(1a,2$)]-(N-Benzyl-N-p-methoxybenzyl)-2-carboxyl-
3,3-dimethylcyclopropane-1-carboxamide. A solution of
8 N Jones reagent (4 equiv) was added to a stirred solution of
19a (100 mg, 0.28 mmol) in acetone (2.8 mL) at 0 °C, and the
reaction was stirred for 3 h. Aqueous 1 N HCI (3 mL) was
added, and the mixture was extracted with CH,Cl, (3 x 10
mL). The combined organic layers were dried (MgSO,) and
concentrated under reduced pressure, and the crude acid was
purified by flash chromatography eluting with hexanes/EtOAc
(1:1) containing 2% AcOH to afford 97 mg (93%) of the
carboxylic acid as a white solid: mp 165—167 °C; H NMR
(rotamers) 6 7.40—7.01 (comp, 7 H), 6.90 (d, J = 8.6 Hz H),
6.81 (d, J = 8.6 Hz, 1 H), 4.88 and 4.80 (rotamericd, J = 16.3
Hz, 1 H), 4.62 and 4.55 (rotamericd, J = 16.3 Hz, 1 H), 4.21—
4.15 (comp, 2 H), 3.80 and 3.78 (rotameric s, 3 H), 2.44 and
2.41 (rotameric d, J = 6.0 Hz, 1 H), 2.38 and 2.32 (rotameric
d, J = 6.0 Hz, 1 H), 1.15 (comp, 6 H); 3C NMR (rotamers) 6
176.5, 169.1, 159.2, 159.0, 137.2, 136.5, 129.6, 129.2, 128.9,
128.6, 128.5, 128.1, 127.9, 127.7, 129.4, 126.5, 114.4, 113.9,
55.3, 49.8, 49.5, 48.1, 48.0, 34.9, 31.6, 30.5, 20.8, 19.8, 19.7;
IR (CHCIg) v 2957, 2622, 1731 cm™%; mass spectrum (Cl) m/z
368.1858 (C;H2sN104+H requires 368.1861), 349, 322, 136,
121.
[1R-(1a,2p)]-(N-Benzyl)-2-carboxyl-3,3-dimethylcyclo-
propane-1-carboxamide (20a). The (N-benzyl-N-p-meth-
oxybenzyl)-2-carboxyl-3,3-dimethylcyclopropane-1-carboxam-
ide from the preceding experiment (200 mg, 0.810 mmol) was
dissolved in trifluoroacetic acid (TFA) (10 mL), and the solution
was stirred for 24 h at room temperature. The reaction
mixture was concentrated under reduced pressure, and the
residue was dissolved in CH,Cl, (50 mL). The organic layer
was washed with water (2 x 25 mL), dried (MgSO,), and
concentrated under reduced pressure to leave a yellow solid
that was purified by flash chromatography eluting with
hexanes/EtOAc (1:1) containing 2% AcOH to give 180 mg (90%)
of 20a as a white solid: mp 178—180 °C; *H NMR 6 7.40—
7.29 (comp, 5 H), 6.40 (t, J = 2.8 Hz, 1 H), 4.41 (d, J = 5.7 Hz,
2 H), 2.32(d, J =5.6 Hz, 1 H), 2.06 (d, J = 5.6 Hz, 1 H), 1.32
(s, 3 H), 1.25 (s, 3 H); 3C NMR ¢ 176.0, 168.7, 138.0, 128.7,
127.5,127.3,126.7, 126.5, 43.8, 35.9, 32.1, 30.5, 20.5, 20.3; IR
(CHCI3) v 2954, 2750, 1697, 1649 cm™%; mass spectrum (CI)
m/z 268.2528 (C14H17N103 + H requires 268.2532), 248(M+1),
230, 202, 184, 141, 91.
[1R-(1a,2f,30)]-(N-Benzyl-N-p-methoxybenzylaminyl-
carbonyl)-2-carboxyl-3-methylcyclopropane-1-carboxa-
mide. Prepared as a yellow oil in 94% yield from the aldehyde
19b using the procedure described for the oxidation of 19a:
IH NMR 6 10.00—9.40 (br s, 1 H), 7.39—7.08 (comp, 7 H), 6.90
(d,J =8.6 Hz, 1 H), 6.83 (d, J = 8.6 Hz, 1 H), 4.93 and 4.90
(rotameric d, 3 = 14.7 Hz, 1 H), 4.73 and 4.70 (rotameric d, J
= 16.4 Hz, 2 H), 4.42 and 4.36 (rotameric d, J = 16.4 Hz, 1
H), 4.26 and 4.20 (rotameric d, J = 14.7 Hz, 1 H), 3.80 and
3.79 (rotameric s, 3 H), 2.52 and 2.47 (rotameric dd, J = 4.5,
9.7 Hz, 1 H), 2.40—2.36 (m, 1 H), 1.83—1.74 (m, 1 H), 1.19
and 1.17 (rotameric d, J = 6.5 Hz, 3 H); ¥C NMR (rotamers)
0178.2, 168.4, 159.1, 159.0, 137.1, 136.2, 129.6, 129.1, 128.9,
128.7,128.2,127.9,127.7,127.4, 126.6, 114.4, 114.0, 55.3, 55.2,
49.7, 49.4, 48.2, 47.9, 29.2, 26.7, 24.2, 24.1, 20.6, 11.7, 11.6;
IR (CDClg) v 3412, 3025, 1519, 1419, 1208 cm™% mass
spectrum (CI) m/z 354.1705 (C21H23NO4 + H requires 354.1709),
262, 154, 136, 121, 107.
[1R-(10,2f,3a)]-(N-Benzyl)-2-carboxyl-3-methylcyclo-
propane-l-carboxamide (20b). Prepared as a white solid
in 77% yield from the carboxylic acid in the preceding experi-
ment using the procedure described for the preparation of
20a: mp 150—152 °C; *H NMR (CDsOD) ¢ 7.33—7.20 (comp,
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5 H), 4.40 (d, J = 15.0 Hz, 1 H), 4.34 (d, J = 15.0 Hz, 1 H),
2.24 (dd, 3 = 5.0, 9.6 Hz, 1 H), 2.01 (dd, J = 5.0, 10.1 Hz, 1

H), 1.75-1.68 (m, 1 H), 1.20 (d, J = 6.3 Hz, 3 H); 3C NMR
(CD3;0D) ¢ 176.2, 170.9, 140.0, 129.5, 128.5, 128.2, 44.3, 30.7,
27.7, 24.2, 11.5; IR (Nujol) v 3370, 2937, 2498, 1697, 1650,
1459, 1122, 977 cm™'; mass spectrum (Cl) m/z 234.1130
(C13H1sNO3; + H requires 234.1139), 151.

[1R,2S]-1-[4-(2'-Aminomethylpyridine)-carbonyl]-2-(hy-
droxymethyl)-3,3-dimethylcyclopropane (25). A solution
containing the lactone 17a (50 mg, 0.4 mmol), 2-aminomethyl
pyridine (0.25 mL, 2.4 mmol), catalytic NaCN (2 mg, 0.04
mmol), and MeOH (1 mL) was heated in a sealed flask at 70
°C for 72 h. The solvent was removed under reduced pressure,
and the crude orange-red oil was purified via flash chroma-
tography eluting with MeOH/CH,CI, (5:95) to give 92 mg (98%)
of 25 as an amber oil: *H NMR 6 8.54 (d, J = 4.7 Hz, 1 H),
7.74 (dt,J =1.7,7.7 Hz, 1 H), 7.67 (dd, J = 5.8, 16.3 Hz, 1 H),
7.50 (dd, J = 4.9, 16.3 Hz), 4.67 (dd, J = 5.8, 16.3 Hz, 1 H),
4.50 (dd, J = 4.9, 16.3 Hz, 1 H), 4.12 (br s, 1 H), 3.98 (dd, J =
6.4,12.1 Hz, 1 H), 3.82 (dd, J =9.8, 12.1 Hz, 1 H), 1.54 (d, J
= 8.7 Hz, 1 H), 1.39 (ddd, J = 6.4, 8.7, 9.8 Hz, 1 H), 1.19 (s, 3
H), 1.18 (s, 3 H); *3C NMR ¢ 171.7, 157.3, 150.0, 136.9, 122.6,
59.4,52.8, 36.1, 34.0, 32.1, 28.0, 23.5, 15.9; IR (CDCl3) v 3440,
3054, 1648, 1512, 1422, 1265 cm~*; mass spectrum (Cl) m/z
235.1447 (C13H1sN20O;, + H requires 235.1438) 217, 203, 154,
135, 109.

[1R,2S]-1-[4-(2'-Aminomethylpyridine)carbonyl]-2-(tert-
butyldimethylsilyloxymethyl)-3,3 dimethylcyclopropane.
A solution of the alcohol 25 (812 mg, 3.47 mmol) in CH.Cl,
(17 mL) was cooled to —20 °C, and TBDMS triflate (1.15 mL,
6.93 mmol) and 2,6-lutidene (0.92 mL, 5.21 mmol) were added
sequentially. The cooling bath was removed, and the reaction
was stirred for 1 h. Saturated NaHCO; (10 mL) was added,
and the layers were separated. The aqueous phase was then
extracted with CH,ClI; (3 x 10 mL), and the combined organics
were dried (MgSQO,), concentrated, and purified via flash
chromatography, eluting with MeOH/CH,CI, (3:97) to give
1.083 g (90%) of the TBDMS protected alcohol as a tan oil:
'H NMR 6 8.52 (ddd, J = 0.8, 1.7, 4.9 Hz, 1 H), 7.64 (dt, J =
1.7, 7.7 Hz, 1 H), 7.30—7.19 (comp, 2 H), 7.18—7.15 (m, 1 H),
4.54 (d, J = 5.3 Hz, 1 H), 4.53 (d, J = 5.3 Hz, 1 H), 4.10 (dd,
J=172,11.3 Hz, 1 H), 3.88 (dd, J = 7.7, 11.3 Hz, 1 H), 1.45
(d, 3 =8.9Hz, 1 H), 1.27-1.22 (m, 1 H), 1.24 (s, 3 H), 1.17 (s,
3 H), 0.86 (s, 9 H), 0.05 (s, 3 H), 0.02 (s, 3 H); ¥C NMR 6 170.5,
157.2, 148.9, 148.8, 136.6, 122.1, 121.8, 59.4, 44.6, 32.7, 31.2,
28.8,25.9, 25.8, 22.9, 18.1, 14.9; IR (CDClIs) v 3308, 2955, 2857,
1654, 1508, 1256, 1072, 836 cm~1; mass spectrum (Cl) 349.2311
(C19H32N20,Si + H requires 349.2305) 333, 291, 247, 231, 217.

[1R,2S]-1-[4-(2'-(N-Methyl)aminomethylpyridine)car-
bonyl]-2-(tert-butyldimethylsilyloxymethyl)-3,3-dimeth-
ylcyclopropane. To a suspension of NaH (35% dispersion
in oil, 31 mg, 1.28 mmol) in THF (0.6 mL) at O °C was added
the preceding TBDMS protected alcohol (110 mg, 0.32 mmol)
in a small amount of THF (0.1 mL). This mixture was stirred
for 15 min, whereupon methyl iodide (0.08 mL, 1.28 mmol)
was slowly added and the heterogeneous mixture was stirred
for 2 h. Water (4 mL) and ether were then added, and the
layers were separated. The aqueous phase was extracted with
ether (3 x 2 mL), and the combined organics were dried
(MgSO0,), concentrated, and purified via flash chromatography,
eluting with MeOH/CH,CI, (1:99) to give 96 mg (83%) of the
N-methyl TBDMS protected alcohol as an orange oil: *H NMR
(rotamers) ¢ 8.59 & 8.52 (rotamericd, J = 4.0 Hz, 1 H), 7.71
and 7.63 (rotameric dt, J = 1.7, 7.7 Hz, 1 H), 7.30—7.14 (comp,
2 H), 4.77-4.60 (m, 2 H), 4.09—3.90 (m, 2H), 3.10 and 2.99
(rotameric s, 3 H), 1.58 and 1.51 (rotameric d, J = 9.0 Hz, 1
H), 1.30—1.08 (comp, 7 H), 0.89 (s, 9 H), 0.05 (s, 6 H); 1*C NMR
(rotamers) 6 171.6, 171.0, 157.7, 157.4, 149.7, 149.0, 136.7,
122.3,122.0,121.7,120.1, 60.0, 59.8, 55.6, 52.7, 35.8, 34.2, 33.1,
32.5, 29.8, 28.9, 28.4, 26.4, 25.9, 25.4, 23.0, 22.3, 18.1, 15.1,
14.9; IR (CDCl3) v 3424, 2955, 2857, 1636, 1472, 1436, 1403,
1257, 1075 cm™%; mass spectrum (CI) m/z 363.2467 (CoH34N20,-
Si + H requires 363.2472) 347, 305, 231, 217, 149, 123.
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[1R,2S]-1-[4-(N-Methyl)aminomethylpyridine)carbonyl]-
2-(hydroxymethyl)-3,3-dimethylcyclopropane (26). Toa
solution of the preceding N-methyl TBDMS protected alcohol
(302 mg, 0.83 mmol) in THF (5 mL) at 0 °C was added TBAF
(2.5 mL, 1.50 mmol), and the mixture was stirred for 2.5 h at
0 °C. Saturated NaHCO; (5 mL) was added, and the mixture
was extracted with Et,O (3 x 10 mL). The combined organic
layers were dried (MgSO,) and concentrated, and the residue
was purified by flash chromatography, eluting with MeOH/
CH,Cl, (2:98) to give 209 mg (96%) of 26 as an amber oil: 'H
NMR (rotamers) 6 8.60 and 8.52 (rotameric d, J = 4.8 Hz, 1H),
7.73 and 7.66 (rotameric dt, J = 1.7, 7.7 Hz, 1 H), 7.28—-7.17
(m, 2 H), 5.00 (rotamer, d, J = 15.3 Hz, 0.5 H), 4.78 and 4.68
(rotameric d, J = 17.0 Hz, 1 H), 4.50 (rotamer, d, J = 15.3 Hz,
0.5 H), 3.94 (rotameric d, J = 12.1 Hz, 1 H), 3.75 and 3.70
(rotameric dd, J =10.8, 12.1 Hz, 1 H), 3.15 and 3.01 (rotameric
s,3H),1.61and 1.60 (d,J=8.5Hz, 1 H),1.47-1.32 (m, 1 H),
1.24 and 1.15 (rotameric s, 3 H), 1.13 and 1.11 (rotameric s, 3
H); 3C NMR (rotamers) ¢ 172.0, 171.8, 157.1, 157.0, 149.9,
149.1, 137.0, 136.8, 122.6, 122.3, 122.0, 120.6, 59.4, 59.3, 55.5,
52.7, 36.0, 34.0, 31.9, 31.7, 30.9, 30.4, 27.9, 27.8, 23.5, 23.1,
16.0, 15.9; IR (CDCls) v 3406, 2950, 1622, 1476, 1435, 1405
cm™; mass spectrum (Cl) m/z 249.1603 (Ci14H2oN20, + H
requires 249.1605) 231, 217, 123 (base).

[1R,2S]-1-[4-(2'-(N-Methyl)aminomethylpyridine)car-
bonyl]-3,3-dimethylcyclopropane-2-carboxaldehyde. To
suspension of Dess—Martin periodinane (157 mgs, 0.37 mmol)
in dry CH,CI; (2 mL) containing a catalytic amount of tert-
butyl alcohol (2 drops) was added the alcohol 26 (73 mg, 0.29
mmol) in dry CH,Cl, (1 mL). The mixture was stirred for 2 h
whereupon saturated NaHCO; (1 mL) and saturated K;S;03
were added. The layers were separated, and the aqueous
phase was extracted with CH,CI; (3 x 2 mL). The combined
organics were dried (MgSO,4) and concentrated in vacuo, and
the residue was purified via flash chromatography eluting with
MeOH/CH_CI; (1:19) to give 57 mg (80%) of the cis-aldehyde
as a pale yellow oil: *H NMR ¢ 9.73 and 9.67 (rotameric d, J
= 6.4 Hz, 1 H), 8.61 and 8.53 (rotameric d, J = 4.4 Hz, 1 H),
7.79—7.62 (m, 1 H), 7.29—7.18 (comp, 2 H), 4.87—4.28 (m, 2
H), 3.16 and 3.06 (rotameric s, 3 H), 2.32 (rotameric d, J =
8.7 Hz, 1 H), 1.84—1.72 (m, 1 H), 1.47—1.17 (m, 6 H); 13C NMR
(rotamers) 6 200.62, 200.5, 169.0, 168.3, 156.7, 156.1, 149.6,
148.8, 137.0, 136.7, 122.6, 122.2, 121.9, 120.5, 55.6, 52.8, 52.4,
39.6, 39.5, 39.4, 39.1, 36.1, 34.5, 28.5, 28.3, 27.2, 27.1, 15.8,
15.6, 15.1; IR (CDCls) v 2958, 1693, 1640, 1435 cm~%; mass
spectrum (Cl) m/z 247.1447 (Ci1sH19N2O, + H requires
247.1446), 149, 123.

[1R,2R]-1-[4-(2'-(N-Methyl)aminomethylpyridine)car-
bonyl])-3,3-dimethylcyclopropane-2-carboxaldehyde (27).
A solution of CsCOj3 (586 mg, 1.8 mmol) in degassed MeOH (6
mL) and the cis-aldehyde from the previous experiment (111
mg, 0.45 mmol) was stirred overnight at room temperature.
Water (4 mL) and CH,CI; (10 mL) were added, and the layers
were separated. The aqueous phase was extracted with CH»-
Cl; (3 x 5 mL), and the combined organics were dried (MgSOy,)
and concentrated in vacuo. The crude oily product was
purified by filtration through a short plug of silica gel, eluting
with MeOH/CH,CI; (5:95) to afford 109 mg (98%) of 27 as an
oil: *H NMR (rotamers) ¢ 9.78 and 9.68 (rotameric d, J = 3.0
Hz, 1 H), 8.60 and 8.53 (rotameric d, J = 4.5 Hz, 1 H), 7.73—
7.62 (m, 1 H),7.29-7.16 (comp, 2 H), 4.87—4.63 (m, 2 H), 3.15
and 3.05 (rotameric s, 3 H), 2.71-2.68 (m, 1 H), 2.61 and 2.58
(rotameric d, J = 5.4 Hz, 1 H), 1.33 and 1.22 (rotameric s, 3
H), 1.24 and 1.14 (rotameric s, 3 H); *C NMR (rotamers) 6
200.3, 198.6, 198.2,168.7, 168.2, 157.0, 156.5, 149.7, 149.0,
136.7, 122.5, 122.2, 121.8, 120.3, 55.2, 53.0, 40.2, 39.8, 35.5,
35.0, 34.6, 32.9, 32.7, 21.0, 20.7, 19.9; IR (CDCls3) v 2957, 1702,
1639, 1477, 1110 cm™% mass spectrum (Cl) m/z 247.1447
(C14H18N20O; requires 247.1453), 229, 148, 123.

[1R,2R]-1-[4-(2'-(N-Methyl)aminomethylpyridine)car-
bonyl]-3,3-dimethylcyclopropane-2-carboxylic acid (28).
A solution of 27 (4.8 mg, 0.0195 mmol) in acetone (0.2 mL) at
0 °C was treated with 8 N Jones reagent (9 uL) and stirred
overnight. The resulting blue-green suspension was washed

Journal of Medicinal Chemistry, 1998, Vol. 41, No. 10 1593

with brine (1 mL) and extracted with EtOAc (3 x 2 mL). The
combined organics were dried (MgSO,) and concentrated, and
the residue was purified via flash chromatography, eluting
with MeOH/AcOH/CH,CI; (5:1:94) to give 2.8 mg (55%) of 28
as a colorless oil: *H NMR (rotamers) (CDsOD) ¢ 8.55 and 8.47
(rotamericd, J = 4.4 Hz, 1 H), 7.88—7.76 (m, 1 H), 7.36—7.28
(comp, 2 H), 4.85—4.70 (m, 2 H), 3.18 and 3.04 (rotameric s, 3
H), 2.43 and 2.32 (rotamericd, J = 5.6 Hz, 1 H), 2.19 and 2.18
(rotameric d, J = 5.6 Hz, 1 H), 1.16 and 1.11 and 1.10
(rotameric s, 6 H); 3C NMR (rotamers) (CDsOD) 6 174.2, 174.1,
171.9, 171.6, 158.2, 158.0, 150.6, 149.9, 146.0, 139.0, 138.9,
124.2, 123.9, 123.2, 122.6, 116.4, 56.0, 53.8, 36.5, 35.8, 35.3,
33.1, 32.9, 30.4, 30.0, 29.9, 21.4, 21.0, 20.7, 20.1; IR (CDCls) v
2930, 1703, 1640, 1406, 1260, 1112 cm~%; mass spectrum (CI)
m/z 263.1396 (C14H1sN203 + H requires 263.1406) 245, 161,
123.

HIV-PR Inhibitor 9. N-Ethyl-N-(dimethylaminopropyl)-
carbodiimide hydrochloride (EDC) (25 mg, 0.13 mmol) was
added with stirring to a solution of the carboxylic acid 20a
(30 mg, 0.12 mmol), the diamino diol 22 (20 mg, 0.067 mmol),
and 1-hydroxybenzotriazole (HOBT) (36 mg, 0.27 mmol) in dry
DMF (1.7 mL) at —10 °C. The reaction was then stirred for
24 h at room temperature. A portion of EtOAc (2 mL) was
added, and the organic mixture was washed with brine (1 mL),
10% aqueous citric acid (1 mL), 10% aqueous NaHCO3 (1 mL),
and brine (1 mL). After drying (MgSQ,), the solvents were
removed in vacuo to give 36 mg (77%) of 9 as a white solid:
mp 264—267 °C; 'H NMR (DMSO-dg) 4 8.56 (t, J = 6.4 Hz, 2
H), 7.81 (d, 3 = 9.5 Hz, 2 H), 7.31—7.08 (comp, 20 H), 4.68 (s,
2H),4.60(t,J =95Hz 2H), 422 (d,J=6.4Hz 4H),3.17
(s,2H),2.80(dd,J =6.4,9.5Hz,2H),2.09(d, J=55Hz 2
H), 2.00 (d, J = 5.5 Hz, 2 H), 1.15 (s, 6 H), 1.12 (s, 6 H); 13C
NMR (CDs;OD) ¢ 172.5, 172.0, 140.2, 131.2, 131.0, 130.5, 130.2,
129.8, 129.4, 128.9, 128.3, 127.6, 74.3, 73.2, 52.5, 44.1, 39.2,
34.6,34.2,28.1,21.2,20.3; IR (CHCls) v 3050, 2952, 1685, 1678
cm™1; mass spectrum (FAB) m/z 759.4133 (CssHs54N4Os + H
requires 759.4121), 741.

HIV-PR Inhibitor 10. Isolated as a white solid in 91%
yield from 20b according to the procedure described for
preparing 9: mp 285—288 °C; 'H NMR (DMSO-dg) 6 8.57 (t,
J=6.1Hz, 2H),778(d,J=9.2Hz 2 H), 7.32—7.09 (comp,
20 H), 4.58 (s, 2 H), 4.34 (dd, J = 9.2, 15.7 Hz, 2 H), 4.26 (d,
J=6.1Hz, 4 H),3.16 (s, 2 H), 2.71-2.61 (m, 4 H), 1.28 (dt, J
= 6.0, 9.3 Hz), 1.96—1.91 (comp, 4 H), 1.07 (d, J = 6.0 Hz, 6
H); ¥C NMR (CDsOD) ¢ 178.1, 173.2, 137.5, 136.2, 129.9,
128.4,128.1,127.9,127.7,127.5, 127.3, 126.9, 77.2, 73.2, 52.1,
43.2,28.2,26.3,23.5,12.6, 10.2; IR (CHCIs) v 3050, 2929, 1729,
1602 cm™~%; mass spectrum (Cl) m/z 730.3818 (C44Hs0N4Os +
H requires 731.3808), 613, 460, 307, 289, 248.

HIV-PR Inhibitor 13. To a solution of the acid 28 (26 mg,
0.099 mmol), HOBT (27 mg, 0.198 mmol), and diamino diol
22 (16.4 mg, 0.055 mmol) in DMF (1.4 mL) at —10 °C was
added EDC (21 mg, 0.11 mmol), and the solution was stirred
at room temperature for 24 h. EtOAc (2.8 mL) was added,
and the mixture was washed with saturated NaHCO3 (1 mL),
water (1 mL), and brine (1 mL). The organic layer was
separated, dried (Na,SO,), and concentrated in vacuo, and the
residue was purified via flash chromatography eluting with
MeOH/CHCI; (10:90) to give 26 mg (60%) of product as a white
solid (mp 108—110 °C); *H NMR (CD3zOD) (rotamers) 6 8.57 &
4.47 (rotameric d, 3 =5.0 Hz, 2 H), 7.90—7.76 (m, 2 H), 7.37—
7.06 (comp, 14 H), 4.79—4.67 (m, 6 H), 3.12 and 3.00 (rotameric
s, 6 H), 2.90—2.70 (comp, 4 H), 2.30—2.25 (m, 2 H), 2.16—2.09
(m, 2 H), 1.71-0.83 (rotameric s, 12 H); 3C NMR (CD30D) 6
173.0, 158.3, 150.6, 139.0, 138.9, 130.4, 129.2, 127.1, 123.9,
123.0, 122.7, 74.9, 53.5, 53.1, 39.8, 36.6, 35.2, 33.5, 29.2, 29.0,
21.3, 20.9, 20.6; IR (CHCI3) v 3417, 2949, 1626, 1434, 1114
cm™%; mass spectrum (Cl) m/z 789.4340 (CusHssNsOs + H
requires 789.4328) 262, 245, 123, 120.

Kinetic Measurements of 9—13 with HIV-1 Protease.
Recombinant HIV-1 protease was expressed and purified as
described.! The Kis of 9—13 were determined using the
fluorogenic substrate Lys-Ala-Arg-Val-Tyr-Phe(NO,)-Glu-Ala-
Nle-NH, using the excitation and emission maxima at 277 and
306 nm, respectively.? Thus, the measured Kis were 0.31—
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0.35 nM for of 9, 0.16—0.21 nM for 10, 0.47 nM for 11, 0.17
nM for 12, and 80 nM for 13. Each of these pseudopeptides
was found to be a fast-binding, competitive inhibitor.

NMR Spectroscopy. Acquisition and Analysis. All
spectra were recorded at 300 K on a BRUKER AMX500
spectrometer using a 18 mM natural abundance sample of 9
and a 30 mM natural abundance sample of 10 dissolved in
DMSO-ds, respectively. Temperature gradients of the H
chemical shifts were investigated by a series of 1D spectra
recorded between 300 and 320 K at a proton resonance
frequency of 250 MHz. Intraresidual proton and carbon
assignments were obtained from TOCSY and HMQC—-COSY
spectra.*® Sequential assignment of the proton spin systems
was achieved by heteronuclear correlations (HMBC) supple-
mented by information from NOESY experiments. NOESY
and ROESY spectra with mixing times of 100 and 150 ms,
respectively, were recorded to generate quantitative restraints
for interproton distances. NOESY and ROESY peak integrals
were transformed into distance restraints using the isolated
two-spin approximation (ISPA).*¢ ROESY integrals were
transformed after correction for offset effects.*” To elucidate
distances between protons in opposite halfs of the symmetrical
molecule 9 Bzl-Cp-Phe to Phe'-Cp'-Bzl', a w:-'3C filtered
ROESY spectrum with a mixing time of 150 ms was recorded.*®
The intensitities in the w; C satellites were summed,
corrected for the offset and transformed into distances using
the ISPA approximation.

Homonuclear J values were read from absorptive in-phase
signals in one-dimensional (1D) *H spectra and two-dimen-
sional (2D) ROESY spectra using Gaussian apodization for
separation of the patterns. The dihedral proton coupling of
HF across the symmetry center to HF is a weak-regime
coupling, when one HF is attached to a 3C nucleus in the
natural abundance sample. To determine this dihedral cou-
pling and the other proton couplings at the 3C bound HF in 9
and 10, a 2D HMQC—-COSY spectrum was recorded without
13C decoupling during the acquisition (8K real points). Using
the method of Kim and Prestegard,*® approximate J values
for the proton couplings were obtained from the proton
antiphase peaks observed in the row extracted at the carbon
chemical shift of CF. The proton chemical shift of the an-
tiphase peaks pointed to the coupling partner. Specifically,
the antiphase peak in the center of the HF 13C satellites yielded
an approximate value for the dihedral coupling HF—H"'. These
approximate J values were readily assigned to corresponding
correct J values determined via evaluation of the absorptive
inphase pattern at one HF 13C satellite at the carbon chemical
shift of CF in a 2D HMQC spectrum, recorded without
decoupling during the acquisition (8K real points).

Pairs of HMBC (mixing time 70 ms) and *H 1D spectra were
analyzed for heteronuclear 3J(*3C,'H) coupling constants em-
ploying the peak fitting procedure of Keeler.3® For some
signals, the signal-to-noise (S/N) of 2J-correlated peaks in the
HMBC was too weak for the Keeler fitting procedure. In these
cases, the value for the 2J coupling was obtained by numerical
simulation of the peak intensity in the HMBC. Input to this
numerical simulation were all (*H,*H) couplings of the proton
and one 2J(*3C,'H) coupling of the proton along with the
integral of the 2J(**C,'H) HMBC peak. Details of the simula-
tion protocol are given in the Supporting Information. To
determine the small 3J(**N,*H) couplings of the cyclopropane
ring protons to the nitrogens in the adjoining amide plane in
9, a w1-N filtered *H—'H ROESY?* with a mixing time of 300
ms was recorded. The measuring time was 4 days to ensure
a S/N of the important peaks better than 3. J values were
read from the resulting E.COSY patterns.

Structure Calculations. The structure calculations for
9 and 10 were performed on Silicon Graphics Crimson R4000
and Indy R4600 computers. The MD calculations were carried
out with the program DISCOVER 95.0 (Biosym) using the
CVFF force field.5! For the parameters of the cyclopropane
ring, new atom types were defined, CP and HP. The geometric
parameters (angles, bond lengths, and torsions) were taken
from the X-ray structures of cis- and trans-3,3-dimethylcyclo-
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propane-1,2-dicarboxylic acid®? and from ab initio calculations
of substituted cyclopropanes;>® see Supporting Information for
the detailed parameter set.

The NOE-derived distances of the symmetric molecules 9
and 10 were included as symmetry-restraints using the
calculation strategy suggested by Nilges.?® In this approach
an “effective distance" is defined, which takes into account that
every observed NOE cross peak in a symmetric dimer has
contributions from intra symmetry and inter symmetry cross
relaxation. The total NOE distance R;; is described in eq 1.
In our case instead of a dimer a single symmetric small
molecule was analyzed. The observed signals carry contribu-
tions from distances within each half (intra) and between both
halves (inter) (Figure 2).

D — i —6 i -6y —1/6
R = {Rh””a + R:Fter } €H)]
Iiij: effective distance between atoms i and j

Riji”“a: intra symmetry distance between atoms i and j

Rij"“er: inter symmetry distance between atoms i and j

A harmonic flat bottomed potential is used for Enee as given
in eq 2 and is included as additional potential term to the
DISCOVER 95.0 program.

_R.)2 <
Kij(Nower — Ryj) Rjj Flower
ENOE =0 MNower = Rij = r-upper (2)
R. — 2 <R..
Kij(Rij — Fupper)” Tupper = Rij

Because of ambiguities of the NOE assignment, distance
geometry calculations for the generation of an unbiased
starting structure could not be performed. Therefore a three-
step simulated annealing protocol was applied. In the first
step the coordinates were randomized and then minimized
with nonbonded terms set to zero. The second step consisted
of molecular dynamics at 1000 K for 2 ps and cooling to 300 K
in seven steps with the nonbonded term scaled up to normal
values successively. In the third step, molecular dynamics
calculations were performed for additional 2 ps at 300 K with
the nonbonded term set to normal, and the resulting structure
was minimized. Chiral restraints, to maintain the correct
chirality, symmetry distance restraints as described above, and
restraints form coupling constants?%27 according to the Karplus
equations® were included during the entire calculation. Since
these initial calculations are performed in vacuo, a dielectric
constant of 48.0 was applied. A total of 100 structures for each
compound 9 and 10 were generated. In the case of conver-
gence, a MD calculation in explicit solvent was performed for
further refinement.

The lowest energy structure resulting from simulated an-
nealing, was placed in a cubic box with 33 A sides and soaked
with DMSO.% A time step of 1 fs was maintained during all
MD simulations. The minimization was separated into two
steps for conjugate gradient energy minimization. In the first
step the solute was fixed, and in the second step all atoms
were allowed to move freely. The system was heated gradually
from 50 to 300 K in 2 ps steps, each by direct velocity scaling.
The system was equilibrated at 300 K for 10 ps with temper-
ature coupling (300 K), and then configurations were saved
every 100 fs for another 100 ps. During this simulation, the
symmetric-distance restraints were applied with a force
constant of 1 kcal A=2 mol~1. Additionally a harmonic 3J
coupling potential according to the Karplus equation was
included.?®?” The geometry of the symmetry center was
constrained adding the experimentally derived distance re-
straint between Phe H* and Phe H* and applying a torsion
force on the central dihedral angle H*—HF of 180° with a force
constant of 50 kcal/A2mol to take account for the vicinal J
coupling constant.
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The averaged structure of the restraint MD of 9 was
minimized with steepest descent. The MD simulation was-
continued without restraints for another 100 ps, to examine
the stability of the structure defined by restrained MD.'* The
distance violations were calculated according a It—30"® averag-
ing. For the distance r an effective distance (formula 1) was
used to take account for symmetry effects.

X-ray Crystallography. Crystallization. Crystals of
HIV-1 protease/10 complex were grown by vapor diffusion in
hanging drops. HIV-1 protease, at 5 mg/mL in 50 mM sodium
acetate buffer, pH 5.6, containing 10 mM dithiothreitol, was
mixed with a stock solution of 10 in 25% DMSO to give a 1:5
molar ratio of enzyme:inhibitor at a final DMSO concentration
of 5%. The crystallization well buffer consisted of 75 mM
sodium citrate—150 mM sodium phosphate, pH 5.6—6.5, with
20—30% saturated ammonium sulfate. Drops were prepared
by mixing equal volumes of sample and well solution, with
subsequent addition of 10 uL of S-mercaptoethanol, 100 uL of
DMSO, and 40 uL of 2-propanol to the well before sealing.
Drops were sometimes seeded with microcrystals prior to
sealing. Small crystals were used to seed hanging drops using
a different well mix, 0.3 M ammonium phosphate, pH 6.2,
containing 20—30% saturated ammonim sulfate, with 2—5%
ethanol used as well additive prior to sealing. Crystals of
suitable size for diffraction data collection grew over a period
of several weeks at room temperature.

Structure Determination and Refinement. Crystals
belong to the space group P6; with unit cell parametersa="b
=63.3Aand c=83.5A. X-ray diffraction data were collected
from a single crystal using a MAR imaging plate area detector
system and an RU-200 rotating anode X-ray generator operat-
ing at 50 kV and 100 mA. Data were processed using the
program DENZO. The data are 49% complete to 2.0 A and
70% complete to 2.5 A with a merging R factor of 5.6% overall.
A total of 6154 unique reflections with |F|/oc > 2.0 in the
resolution range 7—2.0 A were used in the structure determi-
nation and refinement. The crystal structure was solved by
molecular replacement using the protein coordinates of HIV-
PR complexed with PD99560%" and refined to a final R factor
of 18.5% using the program X-PLOR 3.1. The inhibitor was
initially built using QUANTA (Molecular Simulations, Inc.
Cambridge, MA) and fitted to the difference electron density
map calculated using the phases from the refined protein
structure. Refinement statistics are listed in Table 1.

Model Calculations for the Cyclopropane Diols. Ab
initio calculations were performed using Hartree—Fock (HF)
and density functional theory (DFT) methods with the 6-31G*
basis set as implemented in the Gaussian 94 program pack-
age.’? For all DFT calculations, hybrid B3LYP exchange
correlation potentials were included with the 6-31G* basis
set.3334 Optimizations at the semiempirical level used AM1
and PM3 methods as implemented in the MNDO94 program
suite in UniChem 3.0. Solvation free energies were calculated
using a reaction field approach based on the boundary element
method (BEM).® The effective atomic charges used for the
BEM calculations of solvation energies were obtained from
fitting the electrostatic potentials, calculated using DFT at the
B3LYP/6-31G* level, for each optimized structure in its gas-
phase geometry.
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